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ABSTRACT
There is now strong evidence that Long-duration Gamma-Ray Bursts (LGRBs) are preferentially
formed in low-metallicity environments. However, the magnitude of this effect, and its functional
dependence on metallicity have not been well characterized. In our previous paper, Graham & Fruchter
(2013), we compared the metallicity distribution of LGRB host galaxies to the that of star forming
galaxies in the local universe. Here we build upon this work by in effect dividing one distribution by the
other, and thus directly determine the relative rate of LGRB formation as a function of metallicity
in the low-redshift universe. We find a dramatic cutoff in LGRB formation above a metallicity of
log(O/H) + 12 ≈ 8.3 in the KK04 scale, with LGRBs forming between ten and fifty times more
frequently per unit star-formation below this cutoff than above. Furthermore, our data suggests that
the rate of LGRB formation per unit star formation continues to fall above this break. We estimate
the LGRB formation rate per unit star formation may drop by as much as a factor of one hundred
between one-third solar and solar metallicity.
1. INTRODUCTION
Shortly after Long-soft Gamma-Ray Bursts (LGRBs)
were identified as extragalactic events spanning cosmo-
logical distances, it became apparent that they predom-
inantly occur in blue, highly starforming and often ir-
regular galaxies (Fruchter et al. 1999, 2006; Le Floc’h
et al. 2003, 2002; Christensen et al. 2004; Le Floc’h et al.
2006). To determine whether this distribution of hosts
was different from that expected from a sample of galax-
ies drawn randomly according to their rate of massive
star formation, Fruchter et al. (2006) compared the hosts
of LGRBs with those of Core-Collapse Supernovae (CC-
SNe) found in the Great Observatories Origins Deep Sur-
vey (GOODS). They found that while half of the GOODs
CCSNe occurred in grand design spirals (with the other
half in irregulars), only one out of the 18 LGRB host
galaxies of a comparable redshift distribution was in a
grand design spiral. Using an enlarged sample, Svens-
son et al. (2010) found a very similar result. Massive
stellar progenitors should be just as available per unit
star-formation in spirals as they are in irregulars, as it
appears the stellar IMFs of blue irregulars and spirals are
largely similar (Bastian et al. 2010), However, due to the
the mass-metallicity relationship of galaxies (Tremonti
et al. 2004), blue irregulars are typically far less-metal
rich than spirals. This lead Fruchter et al. (2006) to
conclude that LGRB formation is much more likely in
low-metallicity environments.
A similar conclusion was reached by Stanek et al.
(2007), who showed that the very nearest LGRB hosts
all have low metallicity when compared to similar mag-
nitude galaxies in the Sloan Digital Sky Survey (SDSS)
sample. Furthermore, Kewley et al. (2007) found the
LGRB host sample to be comparable to extremely metal-
poor galaxies in luminosity-metallicity relation, star-
formation rate (SFR), and internal extinction.
Modjaz et al. (2008) dramatically strengthened this re-
sult by taking advantage of the fact that a broad-lined
Type Ic (Ic-bl) supernova has been found underlying the
light of nearly every LGRB in which a deep spectroscopic
search was performed (Cano 2014; Tho¨ne et al. 2014).
Modjaz et al. (2008) showed that Ic-bl SNe with associ-
ated LGRBs are observed to occur in host galaxies with
much lower metallicities than either the hosts of Type
Ic-bl SNe without associated LGRBs or the bulk of the
star-forming galaxies in the SDSS. This dramatic metal-
licity difference between the Ic-bl and LGRB samples
suggests a metallicity dependent step in either the for-
mation of the gamma-ray jet or in its ability to escape
the progenitor which has either burned or lost its outer
hydrogen and helium layers (Langer & Norman 2006).
More recently, however, Mannucci et al. (2011) has sug-
gested that the metallicity aversion of LGRBs is not in-
trinsic to their formation, but rather a consequence of
a fundamental relationship between the mass, metallic-
ity, and star-formation rates of galaxies (Mannucci et al.
2010). In this relationship the metallicity of a galaxy
of a given stellar mass is anti-correlated with its SFR.
Thus Mannucci et al. (2011) argued that the LGRB hosts
are low-metallicity because they are effectively selected
based on the basis of their higher then average star-
formation. However this argument does not explain why
LGRBs should preferentially choose irregular hosts more
frequently than the general population of core collapse
SNe (Fruchter et al. 2006) or why the Type Ic-bl SNe
without associated LGRBs do not show a preference for
low-metallicity hosts comparable to the Type Ic-bl SNe
associated with LGRBs (c.f. Modjaz et al. 2008).
In our preceding work, Graham & Fruchter (2013),
we compared the metallicity distribution of the hosts of
LGRBs with that of the hosts of several similar indica-
tors of star-formation: LGRBs, Type Ic-bl, and Type II
SNe. We found that three quarters of the LGRB hosts
have metallicities below 12+log(O/H) < 8.6 in the KK04
metallicity scale (Kobulnicky & Kewley 2004), while less
than a tenth of local star-formation is at similarly low
metallicities. However, our supernova samples were sta-
tistically consistent with the metallicity distribution of
the general galaxy population. Furthermore, we were
able to show that as all the LGRBs in our sample are at
redshifts lower than one, the general decrease of galaxy
metalicities with redshift is far too weak an effect to ac-
count for the observed metallicity difference. The fact
that LGRBs nearly always are associated with a Type
Ic-bl SNe would suggest that LGRB progenitors prob-
ably have similar masses to those of regular Type Ic-
bl, thus largely eliminating the possibility that the ob-
served LGRB metallicity bias is somehow a byproduct of
a difference in the initial stellar mass functions. Rather,
metallicity below half-solar must be a fundamental com-
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2ponent of the evolutionary process that separates LGRBs
from the vast majority of Type Ic-bl SNe and from the
bulk of local star-formation.
While this work shows that LGRBs exhibit a strong
and apparently intrinsic preference for low metallicity
environments some exceptions to this trend do exist —
three of the 14 LGRB in the sample possess abundances
of about solar and above. These exceptions show that is
it still possible to form an LGRB in a high metallicity
environment albeit with greater rarity. If we wish, for in-
stance, to use LGRBs to trace the star-formation of the
Universe (cf. Yu¨ksel et al. 2008) we must understand
the conditions required for their production and thus the
selection effects that could substantially bias our esti-
mates. The implications of these high metallicity bursts
are important not only for understanding the formation
of LGRBs but also for our being able to use them as
cosmological probes.
Metallicity is certainly critical in LGRB formation,
but it might not be the only environmental factor of
relevance. An additional observation of Fruchter et al.
(2006) was that LGRBs are far more likely to occur in
the brightest regions of their hosts than if they simply
traced the light of their hosts. However, the CCSNe fol-
lowed their hosts blue light distribution. Kelly et al.
(2008) showed that Type Ic-bl trace the blue light of
their hosts far more like LGRBs than typical SNe. This
suggests that LGRBs (and Type Ic-bl in general) are
formed from very massive progenitors which generally
do not have time to travel far from their birth sites be-
fore exploding, Typical CC-SNe, on the other hand,
come from a wider range of masses, and are by num-
ber heavily weighted towards lower initial masses. Thus
the shape of the IMF, and in particular, the relative rate
of formation of the most massive stars is critical. It is
thus quite interesting that the work of Hakobyan et al.
(2014) suggests (but does not conclusively show) that
the ratio of Ibc SN to Type II SNe is higher in galaxies
with disturbed morphology than in undisturbed galaxies.
The work of Anderson et al. (2012) shows that Ib SNe
come from more massive progenitors than Type II SNe
but somewhat less massive than Type Ic SNe. Thus the
result of Hakobyan et al. (2014) could be due to a change
in the IMF, though it should be pointed out this effect
is roughly a factor of three, or an order of magnitude
less than the metallicity effect we report here. Addition-
ally, Kelly et al. (2014) have shown that in comparison
to SDSS galaxies the hosts of Ic-bl SNe and LGRBs of
a given stellar mass exhibit high stellar mass and star
formation rate densities, and as well as high gas veloc-
ity dispersions. CCSNe hosts show no such preference.
Furthermore, Kelly et al. (2014) find that this preference
cannot be explained as a byproduct of a preference for
low metallicity environments. While the surface bright-
ness of LGRB hosts may be biased by the general increase
in specific star-formation rate with redshift Noeske et al.
(2007), the hosts of Type Ic-bl sample are all at low red-
shift and thus would not be affected by this bias. Thus
while metallicity may not be the only environmental fac-
tor to affect the rate of LGRB formation, it does appear
to be the dominant factor.
Recently, Perley et al. (2016b) analyzed a large sam-
ple of LGRB host galaxy photometry and came to the
conclusion that the LGRB formation rate drops precip-
itously at metallicities above solar. This is very similar
to the result of Wolf & Podsiadlowski (2007) who, using
the original Fruchter et al. (2006) sample of hosts, ar-
gued that if the observed preference for dwarf hosts was
produced by a sharp cutoff in the host metallicity distri-
bution, that cutoff would be at about 12 + log(O/H) ≈
8.7. However, because neither group had spectroscopic
metallicity measurements for their host galaxies, both
groups used the standard mass-metallicity relationship
for galaxies (Perley et al. 2016b used Zahid et al. 2014
whereas Wolf & Podsiadlowski 2007 used Erb et al.
2006) to convert host photometry to metallicities. This
is problematic, as LGRB hosts are systematically bi-
ased low in metallicity for a given galaxy mass (Mod-
jaz et al. 2008; Levesque et al. 2010a,b; Graham &
Fruchter 2013). Assuming that LGRB hosts follow the
field mass-metallicity relationship causes one to substan-
tially overestimate their metallicity and thus the value of
any metallicity cutoff.
Here, we build upon the results derived in Graham &
Fruchter (2013) to estimate the relative LGRB formation
rate per unit star formation rate as a function of metallic-
ity. In order to do this we must normalize the LGRB rate
to the rate of underlying star formation across different
metallicities. However, we show that this can be done as
a straightforward extension of the work presented in Gra-
ham & Fruchter (2013). We combine our estimates of the
LGRB and star formation rates as a function of metal-
licity to answer a fundamental question of this field: how
much more likely is an LGRB to form at one metallicity
as compared with another? We address the implications
of this metallicity induced rate difference on the absolute
LGRB formation rate in Graham & Schady (2016).
2. THE METALLICITY DEPENDENCE OF THE LGRB
FORMATION RATE
In this section we estimate the relative rate of LGRB
formation as a function of metallicity. To do this, we
use the LGRB sample along with the comparison sam-
ple of Sloan Digital Sky Survey (SDSS) (Abazajian et al.
2009; Brinchmann et al. 2004) star-forming galaxies used
in Graham & Fruchter (2013). The metallicity distribu-
tions of these samples are shown in the left hand side of
Figure 1. We adopt the LGRB sample of our prior work
over the new and larger sample of Kru¨hler et al. (2015)
because we have already considered potential biases on
the LGRB population (see Graham & Fruchter 2013 sec-
tion 2.4). We will briefly discuss possible selection effects
in the following sections.
Our LGRB sample used all LGRBs with published
spectra or line lists available (at the time) with the lines
sufficient to obtain an R23 metallicity with express [N
II]/Halpha degeneracy breaking. All metallicities that
we present here are determined using the R23 diagnos-
tic in the KK04 scale, employing the iterative scheme
of Kewley & Dopita (2002). The SDSS galaxy sample
comprises spectroscopy of photometric catalogue galax-
ies complete down to an r-band Petrosian apparent mag-
nitudes of 17.77 (Strauss et al. 2002) to which we have
applied a 0.02 < z < 0.04 redshift cut providing a com-
plete volume limited sample of galaxies brighter than -18
B-band absolute magnitude.
Whereas each LGRB host in Figure 1 contributes
equally to the cumulative LGRB host distribution, each
3SDSS galaxy contributes by its amount of star formation
(estimated from its Hα emission, see Graham & Fruchter
2013). This sample of SDSS galaxies comprises all the
SDSS star-forming galaxies in the redshift range 0.02 <
z ≤z 0.04 with MB ≤ −18 with spectroscopy suitable
for metallicity measurement. The lower bound of this
redshift range is necessary for the 3727 A˚ [O II] line to
enter the SDSS spectroscopic wavelength coverage, thus
allowing us to apply the R23 metallicity diagnostic (see
Kobulnicky & Kewley 2004 for a description of the diag-
nostic, code, and the KK04 scale). At the upper bound,
the SDSS spectroscopy is complete to MB ≤ -18 with par-
tial coverage of dimmer galaxies. Twelve of the fourteen
LGRB hosts in our sample are brighter than MB = -18,
so this SDSS sample provides a good comparison. In the
next section of this paper, we will discuss estimating an
extension of the Sloan sample two magnitudes fainter, to
provide an even better match to the LGRB sample. For
an in depth discussion of the sample choice and the spec-
troscopic methods used in this paper, please see Graham
& Fruchter 2013, and in particular section 2.1 therein.
To estimate the relative rate of LGRB formation per
unit star formation as a function of metallicity, we first
introduce a bit of formalism. Define fGRB(Z) to be the
LGRB formation rate per co-moving volume at metallic-
ity Z normalized so that
∫∞
−∞ fLGRB(Z) dZ = 1 and sim-
ilarly let fSFR(Z) be the fractional star-formation rate
at metallicity Z per co-moving volume again such that∫∞
−∞ fSFR(Z) dZ = 1. We then define
R−(Z) =
∫ Z
−∞ fGRB(Z
′) dZ ′∫ Z
−∞ fSFR(Z
′) dZ ′
(1)
where R−(Z) is the ratio of these fractional rates up to a
given metallicity Z, and the superscript − on the R indi-
cates we are taking a ratio from −∞ to Z. Later, we will
use a + superscript to indicate the same ratio with the
integrals are taken from Z to ∞. The cumulative plots
in Figure 1 are in fact plots of the numerator and de-
nominator of this function. We plot the function R−(Z)
in the right hand side of Figure 1. For any metallicity Z,
this function is the star-formation normalized LGRB rate
below Z. This plot shows that the star-formation nor-
malized LGRB rate is very high at low metallicities. This
rate plunges at about 12+log(O/H) ≈ 8.3. By definition
R−(Z) converges to 1.0 as Z ⇒∞. At low metallicities,
then, using this rough comparison, we appear to be see-
ing rates of LGRB formation at low metallicities perhaps
fifty times greater than the average over the entire range
of metallicity.
We call the present comparison rough because while
we went to great lengths in Graham & Fruchter (2013),
to produce a magnitude limited sample of SDSS galax-
ies for comparison, we used whatever LGRB galaxies for
which we could obtain R23 metallicities. This means that
our results could be subject somewhat to the vagaries of
our LGRB sample. In the following two sections, we will
attempt to adjust our LGRB sample for potential biases,
and will show that while the shape and the magnitude
of R−(Z) change in detail, its overall general proper-
ties appear to be largely independent of how we weight
our LGRB host galaxies, or the exact comparison sample
used. The methods we develop here will also be useful for
application to the larger samples that are now becoming
available.
2.1. The Effect of Dark Bursts
Inclusion in this sample requires (high-energy) detec-
tion of the burst, localization of the burst to a clearly
associated host galaxy, and then suitable spectroscopy of
the host galaxy. Fortunately LGRBs themselves are de-
tected by gamma-ray instruments which are not believed
to be affected by the properties of their hosts. For exam-
ple, Levesque et al. (2010d) finds no correlation between
host metallicity and burst luminosity. Burst localization
is however complicated by a subset of bursts which lack
the optical counterpart usually used for determining the
burst position to sub-arcsecond levels. Fortuitously the
nature of these bursts, called “dark bursts”, was of con-
siderable interest when our LGRB sample was compiled
and thus they received substantial attention.
Dark bursts are now thought to simply be typical
LGRB events obscured by dust in the host galaxy. They
comprise twenty to perhaps up to thirty percent of of
LGRBs (Cenko et al. 2009; Perley et al. 2009; Greiner
et al. 2011). Dust extinguished LGRBs are found to pref-
erentially reside in more massive galaxies, which under
the mass metallicity relation are typically more metal
rich (Kru¨hler et al. 2011; Perley et al. 2013). We have 2
dark bursts (LGRBs 020819B and 051022) in our sample
of 14 objects which is roughly consistent with the lower
end of this rate. Our two dark bursts are among the
three highest metallicity LGRBs in our sample. Thus
if the sample were to contain something closer to ≈30%
dark bursts, we would have four dark bursts, and five
rather than three very high metallicity hosts in the sam-
ple. Such a sample would produce results that were not-
icably, but not dramatically, different from those we will
derive directly from the Graham & Fruchter (2013) sam-
ple. However, it is generally straightforward to estimate
the how the results would change with a higher propor-
tion of dark (metal-rich) bursts, and we do so throughout
the paper.
2.2. Luminosity Completeness Adjustment of the
Comparison Sample
The LGRB hosts in the present sample are as faint as
MB ∼ −16, while our SDSS comparison sample is only
complete down to MB = -18. Thus if we want to take
full advantage of our LGRB sample, we need to correct
for the incompleteness of our SDSS sample in the range
−16 < MB < −18. As discussed in Graham & Fruchter
(2013), the star-forming sample can be fit to a Schechter
luminosity function with a power-law α = −1.3. It is this
power-law which determines the luminosity function at
the faint end of the distribution. This power law is shown
as the green line in Figure 2 left. Note how the slope of
the histogram changes sharply for galaxies fainter than
our completeness limit of MB = -18. To correct this, a
fit to the actual measured star formation in the incom-
plete sample at magnitudes fainter than MB = −18 is
shown as the purple line in that figure. To extend the
sample below MB = −18, we multiply the star-formation
of any galaxy in the sample in that magnitude range by
the ratio of the green (Schecter) fit to the purple (actual)
fit at the galaxy’s magnitude. That is we are boosting
4Figure 1. Left: Cumulative fraction of population or total star-formation vs. galaxy central metallicity (see Graham & Fruchter 2013
Figure 5). The LGRB sample from Graham & Fruchter (2013) is shown in red. The black line shows the local sample of SDSS star-forming
galaxies also from Graham & Fruchter (2013). Each galaxy contributes according to its star-formation rate, as measured by its Hα emission.
Right: Cumulative fraction of LGRBs divided by the cumulative SDSS star-formation fraction, or R−(Z) as defined in Equation 1. For
each Z, we show the average rate of LGRB formation per unit star formation for all Z′ ≤ Z normalized by the average rate of LGRB
formation per unit star formation over the entire metallicity span. Note the sharp cutoff in the LGRB formation rate at about log(O/H)+12
∼8.3 or at about 40% of solar metallicity.
the star-formation in each galaxy in the sample between
−16 < MB < −18 by the ratio of the shortfall of galax-
ies at that magnitude compared to the power-law exten-
sion of the luminosity function. The extended sample of
galaxies can be seen as the blue continuation to the SDSS
sample in Figure 2 right. As each galaxy has a measured
metallicity, the amount of star formation it contributes
to its metallicity bin is also increased by the ratio of the
two power laws. In Figure 2 right we show the effect
of this correction on the metallicity distribution of the
SDSS star-formation. In particular the amount of star
formation below a metallicity of log(O/H)+12 =8.3 is
roughly doubled. Nonetheless, the SDSS star formation
curve remains dramatically below that of the LGRBs at
low metallicities.
K-S tests confirm what is obvious to the eye in Fig-
ure 2 right. Comparing the LGRB and original SDSS
star-formation distributions we find a K-S value of 0.70
and a probability of 6.3 × 10−7. Instead comparing the
LGRBs to our extrapolated SDSS star-formation distri-
bution gives a K-S value of 0.66 and a probability of 4.3
× 10−6. Thus the LGRBs clearly exhibit a preference
for lower metallicity environments. This low metallic-
ity preference grossly exceeds the metallicity gradients
available within galaxies. In Graham & Fruchter (2013)
we found that SNe host galaxies have the same metal-
licity distribution as the SDSS star-formation and esti-
mate the metallicity difference between the SNe site lo-
cations and the galaxy centers. The average difference of
0.11 dex we would expect to also be roughly consistent
with the correction between the central galaxy metallic-
ities as measured by the SDSS fibers and the average
metallicity of the star-formation in these galaxies. Even
shifting the SDSS star-formation distribution metallici-
ties down by three times this (which also happened to be
the largest single expected gradient in the SNe sample)
still gives a K-S value of 0.49 and a probability of only
1.6 × 10−3. While a difference between central galaxy
and GRB site metallicity would also be expected, the
LGRBs are much more closely distributed on the bright-
est regions of their typically much smaller host galaxies
(Fruchter et al. 2006) and thus this effect would be re-
duced.
We also note the existence of a surprisingly flat region
in the SDSS star-formation distribution between approx-
imately 12+log(O/H) of 8.37 to 8.5 suggesting a sparsity
of star-formation within this metallicity range. We be-
lieve this effect is actually caused by measurement error
on the R23 value. The range where this is observed (i.e.
8.37-8.5) is right at the intersection between the upper
and lower branches of the R23 diagnostic where a small
change in R23 reflects a large change in the metallicity
(see Kobulnicky & Kewley 2004 Figure 7). This scatter
is observed in other works using the R23 diagnostics on
large samples (e.g. Modjaz et al. 2008 Figures 5 & 6). As
this effect is equivalently present in both the SDSS and
LGRB samples it should not effect the analysis which
depends on the ratio of these two samples.
We now use the original and extended SDSS star for-
mation distributions to recompute the cumulative frac-
tion of LGRBs versus star formation as a function of
metallicity or R−(Z). In Figure 3 left we show R−(Z)
5Figure 2. Left: Histogram of star formation in the SDSS sample. The black histogram shows the star formation per unit absolute
magnitude in the volume limited SDSS comparison sample. This sample is complete only to MB -18. The purple line shows a fit to the raw
sample at absolute magnitudes fainter than MB -18. The green line shows the power-law of the Schechter fit to this star-forming sample
(see text of this paper and Graham & Fruchter 2013 for more details). We use the ratio of the Schechter power-law to the raw fit to boost
the estimate the star-formation per unit magnitude down to MB -16 (blue line). Right: Cumulative fraction of LGRB population or total
star-formation vs. galaxy central metallicity. The red line shows the LGRB metallicity distribution already seen in Figure 1 left. Similarly,
the black line shows the distribution of star-formation versus metallicity for the SDSS sample down to our completeness limit of MB =
-18, as in Figure 1 left. The blue line shows the star-formation distribution when the sample is extended to MB = -16. Thus the blue and
black lines represent the raw and extended star-forming sample respectively in both sides of the figure.
where we only consider those LGRB hosts brighter than
MB = −18. In this way, the LGRB hosts have the same
magnitude limit as the SDSS star-formation sample, and
the LGRB hosts will not be biased to lower metallicity
due to a luminosity metallicity correlation. In Figure
3 right, instead of cropping the LGRB host sample we
use our extension of the SDSS star-formation distribu-
tion down to MB = −16 in the computation of R−(Z).
Again while the details of the curve vary, the same over-
all shape is revealed: R−(Z) > 30 for Z < 8.3, while
falling sharply above that metallicity. Interestingly the
rapid decline slows substantially as the metallicity in-
creases further, and the decline in relative LGRB for-
mation with increasing metallicity appears to be rather
minor above a metallicity of about log(O/H)+12 =8.7, a
point we shall return to later.
2.3. LGRB Host Observably Adjustments
The distance to which an LGRB host can be observed
and its metallicity measured will depend on its bright-
ness, and in particular on the strength of its emission
lines. As our LGRB sample was limited by our ability
to get host metallicites, which requires bright emission
lines, the sample is to first order a magnitude limited
sample and thus more luminous hosts will be overrepre-
sented. However, we can adjust for this effect on R−(Z)
by weighting the contribution of each LGRB inversely by
the volume over which it could have been discovered.
To calculate the distances over which a host might be
detected, we estimate the luminosities of the 3727 A˚ [O
II], 4959 A˚ Hβ, 5007 A˚ [O III] lines1, and for the least
1 Other lines used in the metallicity diagnostics are not similarly
luminous line determine the redshift (and correspond-
ing comoving volume) where it would be detected with
a flux of 1×10−17 erg sec−1 cm−2 (assuming standard
cosmological parameters: Ωm = 0.27, Ωλ = 0.73, & H◦
= 0.71 km s−1 Mpc−1). An emission line with this flux
would have about a five sigma detection in a four hour
integration on an eight-meter class telescope.
However, the surveys we have used gave either line
equivalent widths or line fluxes uncorrected for slit loss.
For the two closest objects (LGRBs 980425 and 060505)
we use star-formation rates from the literature (Chris-
tensen et al. 2008 and Ofek et al. 2007 respectively) to
estimate the total Hα flux and then rescale the other
lines accordingly. The remaining objects are sufficiently
distant that slit losses are not large, and we are able
to estimate the slit losses as discussed in Graham &
Fruchter 2013. For objects where we have a measure
of the Hβ line equivalent width and B & V band abso-
lute magnitude values, we can estimate the Hβ flux inde-
pendently and scale the spectrum according. Although
we do not present numbers from this method here, they
are comparable to those obtained using our slit loss esti-
mates. In many cases, the redshift out to which we esti-
mate we could accurately determine the host metallicity
considered for the following reasons: the 4959 A˚ [O III] line has
1
3
the 5007 A˚ lines flux as quantum mechanically required (see
Graham et al. 2009) thus only the brighter line is needed. The
Balmer decrement sets the Hα line at 2.87 times the lines Hβ flux
as required by Case B recombination (see Dong et al. 2008) with
the value increasing with extinction, and the 6584 A˚ [N II] line
is highly dependent on metallicity such that it is typical excluded
from S/N cuts to avoid introducing a metallicity bias (see Graham
& Fruchter 2013).
6Figure 3. Left: R−(Z) for a magnitude limited sample. Here we show R−(Z) where we restrict the LGRBs to those with hosts brighter
than MB = −18. In this case we do not need to use the extended SDSS sample, as the magnitude limits of the two sample are the same,
but we must exclude two of our LGRBs. Right: The extended sample. Here we plot R−(Z) for the full LGRB sample compared to the
SDSS extended down to MB = −16. Note the cutoff in the LGRB formation rate apparent in Figure 1 is still present in both versions of
this figure, though the exact value of R−(Z) at any particular metallicity does vary somewhat depending upon the sample used.
Table 1
LGRB Sample.
LGRB host Metallicity MB z (observed) z (limit)
CMV (at limit) CMV (capped)
Mpc3 Mpc3
GRB 991208 8.05 -18.68 0.706 1.31 273 158
GRB 030329 8.12 -16.52 0.1685 0.94 132 132
GRB 070612A 8.17 -20.86 0.671 3.44 1360 158
GRB 011121 8.20 -19.75 0.362 2.91 1080 158
GRB 060218 8.24 -15.92 0.034 0.44 19.9 19.9
GRB 031203 8.27 -18.52 0.1055 1.42 321 158
GRB 010921 8.34 -19.87 0.451 1.29 264 158
GRB 020903 8.38 -19.34 0.251 1.40 312 158
GRB 050824 8.39 -19.02 0.828 1.43 325 158
GRB 980425 8.55 -18.09 0.0085 0.72 70.6 70.6
GRB 060505 8.64 -19.38 0.0889 1.18 219 158
GRB 051022 8.77 -21.23 0.80625 3.24 1250 158
GRB 050826 8.83 -20.28 0.296 1.40 312 158
GRB 020819B 8.97 -21.53 0.411 1.25 247 158
In this table we present the LGRB hosts in our sample, sorted by redshift. We report the host MB , observed redshift and the maximum
redshift at which all of the lines necessary for determining the metallicity could be detected with a signal to noise ratio of at least five (See
Section 2.3). The CoMoving Volumes (CMV) are given for both the limiting redshift and the redshift capped at z = 1.
is quite high. However, none of our objects are much
above z = 0.8. This is because of the surveys which were
used to compile our sample, and the technical difficulties
of determining galaxy metallicities above z = 1. While
surveys are now becoming available that will be able to
reach these higher redshifts, we estimate that our sample
was effectively limited at z = 1 and thus we cap the co-
moving volume associated with any host to the comoving
volume out to z = 1. In Table 1, we give the observed
and limiting redshifts for the hosts as well as their esti-
mated and capped co-moving volumes. The LGRB hosts
are sorted by their redshift to allow easier identification
of specific LGRBs with features in the plots. In Figure
4 we plot the relative rate of LGRB formation versus
metallicity, R−(Z) , with LGRBs weighted inversely to
their capped CVM. While the peak of R−(Z) just before
the fall is higher in this plot than earlier ones, the general
shape of the plot, and the location of the sharp cutoff are
essentially unchanged.
3. RELATIVE RATES OF LGRB PRODUCTION
7Figure 4. R−(Z) weighted by CMV. In this plot, LGRBs are
weighted by the inverse of the CoMoving Volume (CMV) when
calculating R−(Z) out to the redshift to which their hosts’ metal-
licities could have been measured. The CMV is capped using the
lesser of a redshift of z = 1 or the maximum redshift at which the
faintest host line necessary for determining the metallicity would
be expected to have a flux above 1×10−17 erg sec−1 cm−2. The
hard limit of z = 1 is a function of the surveys we used in compil-
ing the sample and the need for deep spectroscopy in the near-IR
at redshifts above one. More recent surveys now coming available
will allow an extension of the techniques we describe here to higher
redshift.
So far we have entirely relied upon using the func-
tion R−(Z) to represent the relative rate of formation
of LGRBs as a function of metallicity. However, this is a
somewhat blunt, if powerful, tool. By definition R−(Z)
converges to 1.0 as Z ⇒ ∞. Thus the rate of LGRB
formation over a range of metallicity ∞, Z is measured
relative to the entire range, i.e. −∞,∞. To allow us to
better compare rates in differing ranges of metallicity, we
introduce R+(Z), where
R+(Z) =
∫∞
Z
fGRB(Z
′) dZ ′∫∞
Z
fSFR(Z ′) dZ ′
. (2)
This is the normalized star-formation rate of LGRB pro-
duction above metallicity Z. We plot R+(Z) in Figure 5.
Then if we define
RD(Z1, Z2) = R
−(Z1)
R+(Z2) , (3)
RD(Z1, Z2) gives us the star-formation normalized rate
of LGRB formation below Z1 divided by the star-
formation normalized LGRB formation above a metal-
licity of Z2. This allows us to directly compare the rate
of LGRB formation at low metallicities to that at high
metallicities.
When calculating these functions, we need to choose
between the weighting schemes we have discussed in the
previous sections. Our most conservative estimate of the
LGRB formation rate at low metallicities is produced by
comparing the complete sample of unweighted LGRBs to
the extended star-formation sample (see Figure 3 right).
A more aggressive approach is that shown in Figure 4
right, where the LGRBs are weighted by their (capped)
co-moving volumes. Therefore for the rest of this sec-
tion we will calculate values for both these approaches,
with the difference between them giving some estimate of
the importance of systematic effects in determining the
result.
A clear division between low and high-formation rates
is created by the rapid drop in R−(Z) centered on
log(O/H) + 12 ≈ 8.3. If we then compute RD(8.3, 8.3),
we obtain the relative rate of LGRB formation per unit
star formation above 8.3 compared to that below 8.3. If
we do not weight the LGRBs, and compare them to the
SDSS star-formation rate extended down to an absolute
magnitude MB = −16, i.e. our conservative case, we
find RD(8.3, 8.3) ≈ 27.1. As there are seven LGRBs in
the sample with metallicity below 8.3 and seven above
that metallicity, the statistical errors in this estimate
are large, about 40%. If we instead use the LGRBs
weighted by their (capped) co-moving volumes, we find
RD(8.3, 8.3) ∼ 150. Here, however, one LGRB in partic-
ular, GRB 060218, makes a substantial contribution be-
cause of the relatively low comoving volume over which
the metallicity of its host could be measured. Removing
this one object drops the estimate of RD(8.3, 8.3) down
to ∼65 and we use this reduced LGRB sample in our
subsequent CMV estimates.
We also examine the effects of our small LGRB sam-
ple size through the use of resample and replace. We
recreated a 1000 GRB host metallicity samples by ran-
domly choosing metallicities from our present popula-
tion. In Figure 6 left we plot the resulting R−(Z) distri-
butions. The general shape of the distribution is largely
invariant to the resampling, and in particular the sharp
drop at log(O/H)+12 = 8.3 remains. On the right hand
side of the same figure we show the cumulative distri-
bution of values of RD(8.3, 8.3) under the resampling.
We find a population mean of RD(8.3, 8.3) of 30.9, with
RD(8.3, 8.3) lying between 10 and 50 in over 90% of
the trials. Use of the CMV weighted sample, on the
other hand, causes the mean of and the limits on the
RD(8.3, 8.3) distribution to go up by more than a factor
of two.
The effect of adjusting these numbers for our possi-
bly low proportion of dark bursts is small in comparison
to the statistical errors. If one assumes that instead of
two dark bursts our sample should have four, and if one
further assumes that these are high metallicity objects,
and that they have weights on average equal to those
of the high metallicity objects, then the numbers given
above should be multiplied by a factor of ∼ 7/9. Thus,
we would find RD(8.3, 8.3) ∼ 20 in our conservative es-
timate, and ∼50 for the co-moving volume weighted
estimate.
If we are willing to work with somewhat smaller statis-
tics we can make a greater separation between the low
and high regions of metallicity we use for comparison.
The normalized rate of LGRB production is roughly con-
stant (and high) for Z < 8.2 in the uniformly weighted
8Figure 5. The function R+(Z). This function is described Eq. 2. It is the integral of the fraction of LGRBs in the sample over the
integral of the fraction of total star formation, where both integrals are taken over the range Z → ∞. Each step in the plot is a separate
LGRB. In both cases shown here we use the SDSS sample extended to MB = −16 On the left we show the value of this function where
each LGRB is weighted equally. On the right we show the value of this function where the LGRBs are weighted by the their comoving
volume, capped by the voulume within the sphere out to z = 1, and where LGRBs above z = 0.5 are weighted by an additional factor of
2.5 to take into account their apparent underrepresentation in our sample (see Figure 4). The curvature in the individual steps (which is
particularly pronounced at higher values of Z) is caused by the integrated star formation between the discrete metallicities of the different
LGRBs.
sample. If we take the region Z > 8.6 for our up-
per range, we will be comparing to the LGRB pro-
duction rate at roughly solar metallicity. We find that
RD(8.2, 8.6) ∼ 100 for the uniformly weighted LGRBs,
and RD(8.2, 8.6) ∼ 300 for the sample weighted by the
capped CMVs. Here we only have four LGRBs in each
of the two samples, and thus statistical errors will be in
the range of 70%. In this case, the effect of correcting for
dark bursts would be somewhat larger, as we would add
two additional bursts to the four in the high metallicity
subset. Here the results would be multiplied by a factor
of ∼ 2/3, meaning RD(8.2, 8.6) ∼ 66 for the uniformly
weighted sample, and ∼ 200 for the sample weighted by
capped CMVs.
3.1. Correcting for Metallicity Evolution
While galaxies in our SDSS sample have redshifts
0.02 < z < 0.04, the LGRB hosts in our sample go
out to z ∼ 0.8. However, the metallicities of galaxies
of a given mass evolve with redshift, with the least mas-
sive galaxies showing the greatest change in metallicity
with redshift. Indeed, at a redshift of z ∼ 0.8 galaxies
with a stellar mass of 3×109 M have metallicities more
than 0.15 dex below that of galaxies of a similar mass at
redshift zero (Zahid et al. 2013). This may seem like a
small change, but in our extended SDSS sample the frac-
tion of star formation with log(O/H) + 12 < 8.2 is only
one quarter that with metallicities log(O/H) + 12 < 8.3.
As a result, our estimates of relative rates of LGRB pro-
duction could be significantly affected by ignoring this
effect.
We do not know the distribution of star formation as
a function of metallicity at higher redshifts. However,
as a first approximation it is reasonable to estimate that
the fraction of star formation below a metallicity Z at
a redshift of z is equal to the fraction of star formation
below a metallicity of Z + ∆z at redshift zero, where
∆z is the change in metallicity of galaxies between red-
shift 0 and z. ∆z depends both on the redshift under
consideration and the mass of the galaxy. The smaller
the galaxy mass, the larger the effect. For galaxies of
mass of only ∼ 109 M at z = 0.8, Zahid et al. (2013)
find ∆z ∼ 0.15. However, there is a small difference be-
tween our sample and that of Zahid et al. (2013): our
sample only goes out to z = 0.04 while theirs extends
to z = 0.08. Now, essentially all of the galaxies fainter
than MB = −18 in the Zahid et al. (2013) sample are
also in our sample (due to their limiting magnitude in
the SDSS falling inside z = 0.04). However, our sam-
ples will differ somewhat for brighter galaxies. The more
distant galaxies in Zahid et al. (2013) will be smaller on
the SDSS spectroscopic fiber than equivalent ones in the
nearer sample. The fiber will therefore obtain a central
metallicity over a larger area of the galaxy, slightly reduc-
ing the estimated metallicity. We have compared galax-
ies brighter than MB = −18 in the SDSS out to the two
different limiting redshifts, and find that this effect only
produces a ∆z ≈ 0.05. Again, this effect is only impor-
9Figure 6. Left: R−(Z) shown for 1000 iterations of re-sample with replacement using our LGRB population and the SDSS with cutoff
ofMB = −18. The dark line is R−(Z) shows the result when the resampling returns our original sample. This line is in fact Figure 3 right.
Note that a significant dependence on metallicity remains for all iterations, though the strength of the effect varies. Right: A cumulative
distribution of the RD(8.3, 8.3) values generated in the sample and replace. This effectively give us a cumulative probably distribution of
the RD(8.3, 8.3) values. Based on the resampllng there is only a 2.5% chance that RD(8.3, 8.3) is below a factor of ten, and over a 90%
chance that it is between 10 and 50. This is, however, likely a conservative estimate, as use of the CMV weighted sample causes the rate
estimates to roughly double.
tant for the brighter galaxies, where the metallicity evo-
lution seen by Zahid et al. (2013) is quite small. However,
we find that when taking these two effects into account
for all the galaxies in our sample with metallicities below
8.3, these galaxies all remain below roughly equal to 8.3.
As the functions R−(Z) and R+(Z) do not depend on
the distribution of LGRBs above or below a metallicity
Z, but only the (weighted) fraction of LGRBs below or
above that metallicity, the estimates of RD(8.3, 8.3) do
not change. Thus our estimates of RD(8.3, 8.3) are quite
robust.
Another quick way to check this calculation is to ex-
amine the metallicity of the five bursts with z < 0.2.
These low redshift bursts would be expected to be sub-
ject to minimal metallicity evolution. Three of these five
bursts are are below log(O/H) + 12 ∼ 8.3 even though
less than three percent of the star formation in our ex-
tended sample is in this range. This small sample gives
a value of RD(8.3, 8.3) about a factor of two larger than
that reported for the entire sample. Although the sta-
tistical error is large, the fact that this estimate suggests
an even greater bias in LGRB formation again supports
our claim that our estimate of RD(8.3, 8.3) is robust.
However, we cannot make a similar claim for our es-
timates of RD(8.2, 8.6). This result could vary by up
to a factor of four, depending how one attempts to take
metallicity evolution into account. However a reduction
of a factor of four brings RD(8.2, 8.6) down only to the
level of RD(8.3, 8.3). As we would expect RD(8.2, 8.6)
to be the larger of the two, this suggests that our esti-
mates of the effect of metallicity on LGRB production
are indeed quite robust, and that at a very minimum the
rate of LGRB production increases by a factor of twenty-
five higher between metallicities log(O/H)+12 < 8.3 and
solar metallicity.
4. SUMMARY AND CONCLUSIONS
We have shown a dramatic cutoff in the rate of LGRB
formation per unit star-formation at metallicites above
log(O/H) + 12 ≈ 8.3, where our metallicity is determined
using the KK04 scale of the R23 metallicity diagnostic.
To test the stability of this result we have subjected our
samples to a number of corrections intended to remove
possible biases.
First we address a known limitation of the SDSS sur-
vey, that the SDSS fiber placement is complete only for
objects brighter than about 18th magnitude in the B
band. This corresponds to a galactic luminosity of MB ∼
-18 at z = 0.04, our highest volume limited redshift. The
simplest correction is to just discard the two LGRB hosts
and all the SDSS galaxies fainter than this absolute lumi-
nosity. We also employ a more detailed correction were
we model the SFR as a function of galactic luminosity,
extrapolate the missing star-formation, estimate how un-
der surveyed the fainter galaxies in the SDSS are, and
overweight them such that their total SFR matches our
extrapolations. This allows us to preserve our estimates
of star-formation as a function of metallicity down to a
luminosity of -16 magnitude consistent with the luminos-
ity range of our LGRB sample. Both of these changes
leave the result intact.
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Next we weight the hosts by the volume searched.
Based on the LGRB hosts in the sample we conclude
that the hosts would have remained in the sample so
long as the key lines for determining metallicity were all
brighter than 1×10−17 erg sec−1 cm−2. We then calcu-
late the maximum redshift where the weakest line nec-
essary for determining the host metallicity would thus
be observable. We can then weight each object in our
LGRB sample by the inverse of the comoving volume
for its maximum observable redshift. However, as our
sample relied upon line measurements obtained in the
optical, no objects in the sample are at a redshift greater
than one, and thus we limit the comoving volume to that
of z = 1.
Additionally, our sample fourteen hosts contains two
dark bursts, or a dark burst fraction of fourteen per-
cent, somewhat below the estimated rate of dark bursts
of twenty to perhaps thirty percent (Cenko et al. 2009;
Perley et al. 2009). Where we cite LGRB formation rate,
we include a correction that would effectively bring our
dark burst fraction up to thirty percent, yet this correc-
tion is in all cases is no larger than our statistical errors.
Throughout all of these correction s, we continue to
find a sharp cutoff at log(O/H) + 12 ≈ 8.3 in R−(Z),
the relative rate of LGRB formation below metallicity
Z. The dramatic cutoff is followed by a more gradual
decline, which itself again appears to be greatly reduced
above a metallicity of log(O/H) + 12 ≈ 8.7. However, the
small number of LGRBs in our sample above this metal-
licity makes it difficult to accurately determine the slope
of this fall-off. However, we note that this result agrees
well with the claim of Graham et al. (2015) that the three
highest metallicity objects in this sample are completely
consistent with the mass metallicity relationships at their
redshifts. Nor do these results necessarily conflict with
the result of Greiner et al. (2015a) that LGRB hosts ap-
pear to show little metallicity dependence at 3 < z < 5:
presumably, by these redshifts, there would be relatively
little star-formation above the metallicity cutoff.
Given the reasonably sharp nature of the observed cut-
off observed at a metallicity of log(O/H) + 12 ≈ 8.3, we
attempt to quantify how much more likely an LGRB is to
form at metallicites below as opposed to above this cut-
off. To do this, we determine the relative rate of LGRB
formation below this cutoff divided by the relative rate of
LGRB formation above the cutoff, or in new formalism,
RD(8.3, 8.3). We find that this ratio is at least a factor
of about twenty and quite possibly significantly larger,
depending on which weighting scheme is used. We also
see evidence that RD(8.2, 8.6), the ratio of the relative
rate of LGRB formation below a metallicity of log(O/H)
+ 12 ≈ 8.2 to that above 8.6 may be close to a factor of
one hundred.
Indeed, the enhancement in the rate of LGRB produc-
tion at low-metallicity is in fact so great that a substan-
tial fraction of Type Ic-bl SNe at low metallicities may
be required to supply LGRB production, a point made
in detail in Graham & Schady (2016). However, it is
also becoming clear that this extraordinary dependence
on metallicity may not be restricted to LGRBs. Hy-
drogen poor superluminous supernovae (Type I SLSNe)
also display a remarkable aversion to near solar metal-
licities. All of the Type I SLSNe of Chen et al. (2016)
and all of the sample of Type I SLSNe in Perley et al.
(2016a) (with perhaps one exception) have metallicities
log(O/H) + 12 < 8.5. Now these samples were largely
found in surveys that placed a significant emphasis on
following up supernovae in faint (or non-visible) hosts.
Thus this sample may exaggerate the dependence on
metallicity, but it nonetheless seems highly likely that
SLSNe share at least as strong an aversion to high metal-
licities as LGRBs.
While we calculate our metallicities using the R23 diag-
nostic in the KK04 scale, there are a number of alternate
means of determining metallicity using strong emission
lines (e.g. McGaugh 1991; Zaritsky et al. 1994; Kewley &
Dopita 2002; Denicolo´ et al. 2002; Tremonti et al. 2004;
Pettini & Pagel 2004; Nagao et al. 2006; Pe´rez-Montero
& Contini 2009; Marino et al. 2013; Morales-Luis et al.
2014; Blanc et al. 2015; Dopita et al. 2016). While these
diagnostics vary in log(O/H) + 12 values by typically a
few tenths of a dex, we do not believe our fundamental
results will depend strongly on the choice of diagnostic
used. Kewley & Ellison (2008) examined these differ-
ences and determined transformation equations between
several of these commonly used diagnostics. While there
is some scatter, a galaxy with a low, medium, or high
metallicity relative to the galaxy population in one diag-
nostic would still be expected to be at a low, medium, or
high metallicity relative to the galaxy population in other
diagnostics. This should apply equally to host galaxies
and the galaxies in our Sloan comparison sample. Thus
the preference of LGRBs to occur much more often per
unit star-formation at low metallicities should remain
consistent regardless of how the metallicity is measured.
Indeed, we have cross checked our results in the T04 scale
of Tremonti et al. (2004) and found the basic conclusions
of this paper to be unchanged (though the exact metallic-
ity of the curoff, for instance, does change, as expected,
with a differing choice of metallicity indicator).
Although the mechanism through which metallicity af-
fects the formation of LGRBs is uncertain (Langer &
Norman 2006; Podsiadlowski et al. 2010), it is widely
believed that LGRBs require high angular momenta to
produce jets, and that low-metallicity is likely required
to maintain angular momentum through the evolution of
the progenitor. Interestingly, a leading model for the en-
gine in SLSNe is rapidly rotating, highly magnetized neu-
tron stars, or magnetars (c.f. Kasen & Bildsten 2010).
Indeed, it has been suggested that magnetars may power
both LGRBs and SLSNe (Metzger et al. 2015), and one
“ultra-long” GRB, is associated with an unusually bright
SN (Greiner et al. 2015b). GRB 111209A, whose prompt
emission lasted for about fifteen thousand seconds, or
more than a factor of a hundred longer than typical
LGRBs, had an underlying supernova, SN 2011kl, with
an absolute magnitude of about MV = −20, (Greiner
et al. 2015b) or roughly a magnitude brighter than the
SN associated with a typical LGRB, and a magnitude
fainter than a typical SLSN. Whether a magnetar model
can account for both LGRBs and SLSNe, or whether an-
other process, such as accretion onto a remnant black
hole, powers LGRBs, it seems likely that low metallicity
plays an important role in the preservation of the cru-
cial angular momentum in both of these rare, powerful
explosions.
Metallicity is not the only significant environmental
factor in the production of LGRBs. As Kelly et al.
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(2014) has reported, star formation density may also af-
fect LGRB formation. This may be related to the en-
hancement in the rate of Type Ibc formation in galaxy
mergers found by Hakobyan et al. (2014). However, this
effect only produces an enhancement by a factor of ∼3,
not the factor of ∼30 we see in LGRBs due to the effect
of metallicity Thus while many processes may contribute
to the formation of LGRBs, our result strongly suggests
that metallicity is the predominant determinant of the
rate of LGRB formation relative to the rate of star for-
mation.
We thank Patricia Schady and Jochen Greiner for help-
ful comments. We also thank Jarle Brinchmann for his
help in determining the T04 metallicities of the hosts in
our sample, which we used as a cross-check on the KK04
results presented here.
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Note added in proof: Perley et al. (2017) has shown
that the metallicity value for GRB 020819B published
by Levesque et al. (2010c) and used by us was in error.
This was due to a problem with the slit placement in the
original observation. The host of GRB 020819B has the
highest metallicity of all the GRB hosts in our sample.
The high rates of LGRB formation at low metallicity
which we derive here thus would have been even slightly
higher had this been know earlier and had GRB 020819B
been excluded.
REFERENCES
Abazajian, K. N., Adelman-McCarthy, J. K., Agu¨eros, M. A.,
et al. 2009, ApJS, 182, 543
Anderson, J. P., Habergham, S. M., James, P. A., & Hamuy, M.
2012, MNRAS, 424, 1372
Bastian, N., Covey, K. R., & Meyer, M. R. 2010, ARA&A, 48, 339
Blanc, G. A., Kewley, L., Vogt, F. P. A., & Dopita, M. A. 2015,
ApJ, 798, 99
Brinchmann, J., Charlot, S., White, S. D. M., et al. 2004,
MNRAS, 351, 1151
Cano, Z. 2014, ApJ, 794, 121
Cenko, S. B., Kelemen, J., Harrison, F. A., et al. 2009, ApJ, 693,
1484
Chen, T.-W., Smartt, S. J., Yates, R. M., et al. 2016, ArXiv,
1605.04925
Christensen, L., Hjorth, J., & Gorosabel, J. 2004, A&A, 425, 913
Christensen, L., Vreeswijk, P. M., Sollerman, J., et al. 2008,
A&A, 490, 45
Denicolo´, G., Terlevich, R., & Terlevich, E. 2002, MNRAS, 330,
69
Dong, X., Wang, T., Wang, J., et al. 2008, MNRAS, 383, 581
Dopita, M. A., Kewley, L. J., Sutherland, R. S., & Nicholls, D. C.
2016, Ap&SS, 361, 61
Erb, D. K., Shapley, A. E., Pettini, M., et al. 2006, ApJ, 644, 813
Fruchter, A. S., Levan, A. J., Strolger, L., et al. 2006, Nature,
441, 463
Fruchter, A. S., Thorsett, S. E., Metzger, M. R., et al. 1999,
ApJL, 519, L13
Graham, J. F. & Fruchter, A. S. 2013, ApJ, 774, 119
Graham, J. F., Fruchter, A. S., Levan, A. J., et al. 2009, ApJ,
698, 1620
Graham, J. F., Fruchter, A. S., Levesque, E. M., et al. 2015,
ArXiv, 1511.00667
Graham, J. F. & Schady, P. 2016, ApJ, 823, 154
Greiner, J., Fox, D. B., Schady, P., et al. 2015a, ApJ, 809, 76
Greiner, J., Kru¨hler, T., Klose, S., et al. 2011, A&A, 526, A30
Greiner, J., Mazzali, P. A., Kann, D. A., et al. 2015b, Nature,
523, 189
Hakobyan, A. A., Nazaryan, T. A., Adibekyan, V. Z., et al. 2014,
MNRAS, 444, 2428
Kasen, D. & Bildsten, L. 2010, ApJ, 717, 245
Kelly, P. L., Filippenko, A. V., Modjaz, M., & Kocevski, D. 2014,
ApJ, 789, 23
Kelly, P. L., Kirshner, R. P., & Pahre, M. 2008, ApJ, 687, 1201
Kewley, L. J., Brown, W. R., Geller, M. J., Kenyon, S. J., &
Kurtz, M. J. 2007, AJ, 133, 882
Kewley, L. J. & Dopita, M. A. 2002, ApJS, 142, 35
Kewley, L. J. & Ellison, S. L. 2008, ApJ, 681, 1183
Kobulnicky, H. A. & Kewley, L. J. 2004, ApJ, 617, 240
Kru¨hler, T., Greiner, J., Schady, P., et al. 2011, A&A, 534, A108
Kru¨hler, T., Malesani, D., Fynbo, J. P. U., et al. 2015, A&A, 581,
A125
Langer, N. & Norman, C. A. 2006, ApJL, 638, L63
Le Floc’h, E., Charmandaris, V., Forrest, W. J., et al. 2006, ApJ,
642, 636
Le Floc’h, E., Duc, P.-A., Mirabel, I. F., et al. 2003, A&A, 400,
499
Le Floc’h, E., Mirabel, I. F., & Duc, P.-A. 2002, Journal of
Astrophysics and Astronomy, 23, 119
Levesque, E. M., Berger, E., Kewley, L. J., & Bagley, M. M.
2010a, AJ, 139, 694
Levesque, E. M., Kewley, L. J., Berger, E., & Jabran Zahid, H.
2010b, AJ, 140, 1557
Levesque, E. M., Kewley, L. J., Graham, J. F., & Fruchter, A. S.
2010c, ApJL, 712, L26
Levesque, E. M., Soderberg, A. M., Kewley, L. J., & Berger, E.
2010d, ApJ, 725, 1337
Mannucci, F., Cresci, G., Maiolino, R., Marconi, A., & Gnerucci,
A. 2010, MNRAS, 408, 2115
Mannucci, F., Salvaterra, R., & Campisi, M. A. 2011, MNRAS,
414, 1263
Marino, R. A., Rosales-Ortega, F. F., Sa´nchez, S. F., et al. 2013,
A&A, 559, A114
McGaugh, S. S. 1991, ApJ, 380, 140
Metzger, B. D., Margalit, B., Kasen, D., & Quataert, E. 2015,
MNRAS, 454, 3311
Modjaz, M., Kewley, L., Kirshner, R. P., et al. 2008, AJ, 135,
1136
Morales-Luis, A. B., Pe´rez-Montero, E., Sa´nchez Almeida, J., &
Mun˜oz-Tun˜o´n, C. 2014, ApJ, 797, 81
Nagao, T., Maiolino, R., & Marconi, A. 2006, A&A, 459, 85
Noeske, K. G., Faber, S. M., Weiner, B. J., et al. 2007, ApJL,
660, L47
Ofek, E. O., Cenko, S. B., Gal-Yam, A., et al. 2007, ApJ, 662,
1129
Pe´rez-Montero, E. & Contini, T. 2009, MNRAS, 398, 949
Perley, D. A., Cenko, S. B., Bloom, J. S., et al. 2009, AJ, 138,
1690
Perley, D. A., Kru¨hler, T., Schady, P., et al. 2017, MNRAS, 465,
L89
Perley, D. A., Levan, A. J., Tanvir, N. R., et al. 2013, ApJ, 778,
128
Perley, D. A., Quimby, R., Yan, L., et al. 2016a, ArXiv,
1604.08207
Perley, D. A., Tanvir, N. R., Hjorth, J., et al. 2016b, ApJ, 817, 8
Pettini, M. & Pagel, B. E. J. 2004, MNRAS, 348, L59
Podsiadlowski, P., Ivanova, N., Justham, S., & Rappaport, S.
2010, MNRAS, 406, 840
Stanek, K. Z., Dai, X., Prieto, J. L., et al. 2007, ApJL, 654, L21
Strauss, M. A., Weinberg, D. H., Lupton, R. H., et al. 2002, AJ,
124, 1810
Svensson, K. M., Levan, A. J., Tanvir, N. R., Fruchter, A. S., &
Strolger, L. 2010, MNRAS, 479
Tho¨ne, C. C., Christensen, L., Prochaska, J. X., et al. 2014,
MNRAS, 441, 2034
Tremonti, C. A., Heckman, T. M., Kauffmann, G., et al. 2004,
ApJ, 613, 898
Wolf, C. & Podsiadlowski, P. 2007, MNRAS, 375, 1049
Yu¨ksel, H., Kistler, M. D., Beacom, J. F., & Hopkins, A. M.
2008, ApJL, 683, L5
Zahid, H. J., Geller, M. J., Kewley, L. J., et al. 2013, ApJL, 771,
L19
12
Zahid, H. J., Kashino, D., Silverman, J. D., et al. 2014, ApJ, 792,
75
Zaritsky, D., Kennicutt, Jr., R. C., & Huchra, J. P. 1994, ApJ,
420, 87
